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Ca21-Induced Ca21 Release Supports
the Relay Mode of Activity
in Thalamocortical Cells
have been found to exist in thalamocortical cells (Kam-
mermeier and Jones, 1997), all of which can be assumed
to be activated during tonic spike firing. Indeed, activa-
tion of the various types of Ca21 channels results in
specific dynamics of the intracellular Ca21 concentration
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likely owing to the heterogeneous distribution of theD-39120 Magdeburg
channels along the plasma membrane (Munsch et al.,²Leibniz-Institut fuÈ r Neurobiologie
1997). Of particular interest here is that L-type Ca21Abteilung fuÈ r Neurochemie und Molekularbiologie
channels are clustered at the somatodendritic junctionP. O. Box 1860
of thalamocortical cells (Budde et al., 1998). In cardiacD-39008 Magdeburg
muscle cells, clusters of L-type Ca21 channels are func-Federal Republic of Germany
tionally coupled to the sarcoplasmic reticulum via rya-
nodine receptors (RyRs), mediating the mobilization of
Ca21 from intracellular Ca21 stores during the processesSummary
of electromechanical coupling (Ca21-induced Ca21 re-
lease; Fabiato, 1983). While there is evidence for a similarCa21 ions play an important role during rhythmic burst-
coupling mechanism between L-type Ca21 channels anding of thalamocortical neurons within sleep. The func-
RyRs in central neurons (Chavis et al., 1996), its func-tion of Ca21 during the tonic relay mode of these neu-
tional significance for neuronal integrative behavior re-rons during wakefulness is less clear. Here, we report
mains largely unclear. In thalamocortical cells, a previ-that tonic activity in thalamocortical cells results in an
ous study described that Ca21 can be mobilized fromincrease in the intracellular Ca21 concentration and
intracellular stores (Mironov, 1994). Therefore, the pres-subsequent release of Ca21 from intracellular stores
ent study was undertaken to investigate the nature,mediated via ryanodine receptors (RyRs). Blockade of
properties, and functional significance of Ca21-inducedCa21 release shifted the regular firing of single action
Ca21 release in thalamocortical cells of the rat dorsolat-potentials toward the generation of spike clusters.
eral geniculate nucleus (dLGN), the major thalamic sta-Regular spike firing and intracellular Ca21 release thus
tion of the visual pathway.appear to be functionally coupled in a positive feed-
back manner, thereby supporting the relay mode of
Resultsthalamocortical cells during wakefulness. Regulatory
influences may be coupled to this system via the cyclic
Basic Properties of Ryanodine Receptor±MediatedADP ribose pathway.
Ca21 Mobilization
Substances known to interact with RyRs were testedIntroduction
in acutely isolated dLGN neurons during simultaneous
measurement of whole-cell Ca21 currents and changesIntracellular Ca21 ions control a number of neuronal
in intracellular Ca21 concentration ([Ca21]i) using thefunctions, including transmitter release, neuronal excit-
Ca21-sensitive dye Fura-2. All cells under study fulfilledability, and synaptic plasticity (Berridge, 1998). In the
the criteria of thalamocortical neurons (Budde et al.,thalamus, a well-documented function of Ca21 is that of
1998). Application of caffeine (10 mM), a known activator
an electrical charge carrier during rhythmic burst dis-
of intracellular Ca21 release channels (Kostyuk and Verk-
charges, which occur in various types of thalamic neu-
hratsky, 1995), induced an elevation of [Ca21]i in everyrons during periods of slow-wave sleep and absence cell tested (Figure 1a; n 5 54). High-voltage-activated
epilepsy (Steriade et al., 1997). Rhythmogenesis in thala- Ca21 currents elicited by depolarizing voltage pulses
mocortical neurons during these stages involves activa- (from 250 to 15 mV for 200 ms) also evoked intracellular
tion of T-type Ca21 channels (Huguenard, 1996), re- Ca21 transients (Figure 1a). While the inward current
sulting in an increase in intracellular Ca21 concentration and corresponding [Ca21]i transients were abolished in
(Munsch et al., 1997), which in turn is thought to regulate a Ca21-free extracellular solution, the caffeine-induced
the temporal pattern of burst discharges (Destexhe et Ca21 transient persisted (Figure 1b; n 5 3), indicating
al., 1998). During periods of wakefulness, thalamocorti- release of Ca21 from intracellular stores.
cal cells produce tonic series of Na1/K1-mediated ac- The caffeine-induced Ca21 transients were blocked
tion potentials, thereby enabling the faithful relay of af- by extracellularly applied ryanodine (10±20 mM, n 5 21)
ferent synaptic signals to the cerebral cortex (Steriade et or cyclopiazonic acid (20 mM, n 5 2), and by intracellular
al., 1997). Data on the function of Ca21 in thalamocortical application of ruthenium red (75 mM, 4 out of 6 cells) or
cells during these states is limited, although a specific thapsigargin (1 mM, n 5 3), revealing the typical pharma-
role may be deduced from indirect evidence. Four differ- cological profile of ryanodine-sensitive intracellular
ent components of high-voltage-activated Ca21 currents stores (data not shown; Kostyuk and Verkhratsky, 1995).
Ryanodine, thapsigargin, or cyclopiazonic acid with no
prior application of caffeine did not evoke detectable³ To whom correspondence should be addressed (e-mail: thomas.
budde@medizin.uni-magdeburg.de). changes in the basal [Ca21]i level.
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single short high-voltage-activated Ca21 currents are
not able to induce Ca21-induced Ca21 release (n 5 4;
Figure 2b).
Cyclic ADP ribose has been shown to facilitate intra-
cellular Ca21 release in neurons (Kostyuk and Verkhrat-
sky, 1995). Indeed, when cyclic ADP ribose (500 nM)
was added to the intracellular recording solution, Ca21
transients in response to a single depolarizing voltage
step decayed with a biexponential time course (t1 5
3.2 6 1.3 s, t2 5 19.1 6 5.7 s, n 5 5; Figures 2c and
2d). The second component was completely abolished
when ryanodine was added to the extracellular solution,
resulting in Ca21 transients with t 5 2.9 6 1.4 s (Figure
2d; n 5 4). These results indicate that cyclic ADP ribose
modulates the mobilization of intracellular Ca21 through
RyRs in thalamocortical cells.
Expression of Proteins Involved in Ca21-Induced
Ca21 Release
In a next experimental step, the nature of RyRs mediat-
ing intracellular Ca21 release was determined at the tran-
script and protein level. To date three RyR isoforms are
known, namely the ªskeletal muscle typeº (RyR1), theFigure 1. Caffeine-Induced Ca21 Release from Intracellular Stores
ªcardiac muscle typeº (RyR2) which is very similar to(a and b) Simultaneous recordings of membrane current (top traces)
and somatic fluorescent ratio changes (bottom traces) in an isolated the most abundant isoform of the brain, and RyR3, which
thalamocortical cell under control conditions (a) and during removal was first described in the brain (Franzini-Armstrong
of extracellular Ca21 ([Ca21]o 5 0) (b). Two hundred millisecond depo- and Protasi, 1997). Immunostaining of acutely isolated
larizing voltage pulses from 250 to 15 mV were applied. Numbers
dLGN neurons with an antiserum that recognizes brain-indicate Ca21 currents and corresponding changes in [Ca21]i. Arrow
expressed RyR2 (McPherson and Campbell, 1993a) sug-indicates the application of a depolarizing voltage pulse 1 min after
gests that high amounts of RyRs are present in theseperfusion of the cell with a Ca21-free saline. Dotted horizontal bars
indicate the duration of caffeine application. cells (Figure 1c). This result was confirmed by immu-
(c) Immunostaining of acutely isolated dLGN neurons with brain noblot analysis. An antiserum that recognizes RyR iso-
RyR2-specific antiserum. A typical example of a multipolar RyR- forms 1 and 2 reacts with a z500 kDa protein band in
positive neuron representing thalamocortical cells is shown. Scale
a crude membrane fraction prepared from the dLGNbar, 20 mm.
(Figure 3a). A comparison with cerebellar tissue, which
is known to express high amounts of RyR1 (Kuwajima
et al., 1992), indicated that RyR protein is present inNext, substances known to interact with intracellular
Ca21 release mechanisms were tested during activation both brain regions (Figure 3a). As RyR1 is not expected
to be expressed in the thalamus (Furuichi et al., 1994;of high-voltage-activated Ca21 currents. The intracellu-
lar Ca21 transients evoked by a single high-voltage-acti- Giannini et al., 1995), we assumed that the detected
immunoreactivity represents RyR2. To confirm this as-vated Ca21 current with a maximal amplitude of 2438 6
163 pA (n 5 47) possessed typical decay time constants sumption, a reverse transcription±polymerase chain re-
action (RT±PCR) analysis was performed. Using primersof t 5 3.9 6 1.6 s (n 5 47; Figures 2a [solid line] and
2b). In the presence of caffeine (10 mM), the Ca21 tran- deduced from rat RyR2 partial cDNA (Cavallaro et al.,
1997), a PCR product of the expected length (368 bp)sients were significantly (p # 0.02) prolonged (t 5 14.7 6
5.3 s, n 5 21; Figures 2a [closed triangles] and 2b). This was amplified (Figure 4a). As expected, a PCR product
of the same length was identified in heart but not inprolongation was accompanied by a significant de-
crease in maximal high-voltage-activated current ampli- skeletal muscle (Figure 4a). We further tested whether
in addition RyR3 is present in dLGN cells. Using RyR3-tude by 31% 6 6% (p 5 9 3 1026, n 5 11), while the
rate of current inactivation remained unchanged (Figure specific antibodies (Giannini et al., 1995), no immunore-
activity was detected in Western blots from crude2a [inset]). Reduced current amplitudes during presence
of caffeine were associated with a significant reduction membranes (data not shown). However, using RyR3 an-
tibodies, a z500 kDa polypeptide could be immunopre-in net charge passing through high-voltage-activated
Ca21 channels by 33% 6 9% (p 5 0.009, n 5 11), as cipitated from dLGN extracts (Figure 3b). A similar result
was obtained using extracts of the hippocampus (Figureestimated from the integral of evoked Ca21 current. At
the same time, the integral of the elicited Ca21 transients 3b), which is known to express RyR3 (Giannini et al.,
1995; Murayama and Ogawa, 1996).significantly increased by 61% 6 17% (p 5 8 3 1024,
n 5 11). The caffeine-induced prolongation of Ca21 tran- In addition, the presence of L-type Ca21 channels and
ADP ribosyl cyclase, as further components of the Ca21-sients was abolished by ryanodine (20 mM, t 5 4.2 6
1.5 s, n 5 15; Figures 2a [open circles] and 2b), indicating induced Ca21 release machinery, was assessed. Two
band with molecular masses of 200 and 170 kDa wereRyR-mediated mobilization of Ca21 from intracellular
stores. Ryanodine had no significant effect on Ca21 tran- detected with a monoclonal antibody against dihydro-
pyridine receptor (DHP-R), confirming the presence ofsients evoked by a single Ca21 current, suggesting that
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Figure 2. Facilitation of Ca21-Induced Ca21
Release by Caffeine and Cyclic ADP Ribose
(a) Transient rises in [Ca21]i elicited by depo-
larizing pulses. Superposition of fluorimetric
ratio measurements under control conditions
(solid line), in the presence of caffeine (10
mM, closed triangles), and during coapplica-
tion of caffeine and ryanodine (open circles).
Inset: high-voltage-activated Ca21 currents
corresponding to the transients shown in the
main panel. Scale bars, 50 ms and 50 pA.
(b) Bar graph representation of time con-
stants of decrease of depolarization-induced
Ca21 transients under control conditions (n 5
47), in the presence of ryanodine (Ry, 20 mM,
n 5 15), in the presence of caffeine (Caf, 10
mM, n 5 21), and during coapplication of caf-
feine and ryanodine (Caf/Ry, n 53). The mean
values were significantly different between
control±Caf, Ry±Caf, and Ry±Caf/Ry (p ,
0.02).
(c) Typical Ca21 transient elicited by a depo-
larizing pulse with cyclic ADP ribose (0.5 mM)
added to the internal pipette solution. The
solid line represents a two-exponential fit to the decay phase of the Ca21 transient (t1 5 2.2 s, t2 5 16.7 s).
(d) Bar graph representation of time constants (t1 and t2) of Ca21 transient decay during superfusion with external control solution (cADPR)
and ryanodine-containing (20 mM) solution (cADPR/Ry). The mean values cADPR-t1 and cADPR/Ry are not significantly different.
L-type Ca21 channels (Figure 3c). As no antibodies (Figure 4b). Taken together, these results demonstrate
that several proteins known to be involved in Ca21-against ADP ribosyl cyclase were assessable, we sought
to test for the presence of this enzyme at the transcript induced Ca21 release are expressed in dLGN.
level. Using specific primers deduced from the rat cDNA
sequence (Koguma et al., 1994), products of the ex-
pected length (380 bp) were produced, when extracts
from dLGN or cerebral cortex were subjected to RT±PCR
Figure 3. Western Blot Aalysis of RyR and DHP-R Protein Expres-
sion in Different Rat Brain Tissues Figure 4. Reverse Transcription±PCR Analysis of RyR2 and ADP±
Ribosyl Cyclase mRNA Expression in Different Rat TissuesThe sizes of marker proteins are indicated in the right margin. For
RyR2 and RyR3 molecular weight determination, laminin B1 (MW The lanes H2O and 2RT indicate negative controls where cortical
mRNA or distilled water were used as templates instead of cDNA.210) and laminin A (MW 400) were used.
(a) Homogenates from dLGN (LGN) and cerebellum (Cb, positive The size of the DNA marker bands (bp) are indicated in the left and
right margins in (a) and (b), respectively. mRNA expression of RyR2control) were probed with an anti-RyR1/RyR2 antibody.
(b) Detection of immunoprecipitated RyR3. Eluted proteins from (a) and ADP ribosyl cyclase (b) was assessed in dLGN (LGN). Cardiac
(heart) and cortical (cor) mRNA were included as positive controls,dLGN (LGN) and hippocampus (Hc, positive control) were probed
with an anti-RyR3 antibody. The protein bands at 55 kDa originate while skeletal muscle (skm) mRNA was included as a negative con-
trol. Note: Rat-specific PCR primers for RyR1 were not available.from the high molecular weight chain of the primary antibody.
(c) Protein homogenates prepared from dLGN of 18-day-old (P18) Primers derived from the murine RyR1 cDNA sequence did not
produce an amplification product.and 30-day-old (P30) rats were probed with an anti-DHP-R antibody.
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Figure 5. Contribution of Ca21-Induced Ca21
Release to Voltage-Induced Ca21 Transients
(a±c) Ca21 entry was graded by increasing the
duration (60±1460 ms) of voltage steps under
control conditions (straight lines) and during
application of ryanodine (20 mM, open circles).
(d) Unit Ca21 transients were normalized for
the maximal value at 1460 ms for each cell
(n 5 3, mean 6 SD) and plotted versus the
pulse duration. Significant differences were
obtained for pulse duration lasting 860 ms or
longer (p , 0.018).
(e±g) Ca21 transients corresponding to the
high-voltage-activated currents shown in (a)
through (c).
Activity-Dependent Ca21-Induced Ca21 Release (Figure 5d). During action of ryanodine, the calculated
unit Ca21 transients were independent of the durationTo directly demonstrate Ca21-induced Ca21 release in
thalamocortical cells, the amount of Ca21 entering the of depolarizing pulses (Figure 5d [open circles]), sug-
gesting transmembrane Ca21 entry as the sole sourcecell through high-voltage-activated Ca21 channels was
varied by increasing the duration of the depolarizing (Hua et al., 1994). These results indicated that Ca21 en-
tering thalamocortical cells through high-voltage-acti-voltage steps (from 60 to 1460 ms; Figures 5a±5c). Divid-
ing the amplitude of a given Ca21 transient by the net vated channels is capable of inducing Ca21 release from
intracellular stores via activation of RyRs. By compari-charge passing through high-voltage-activated Ca21
channels yielded the ªunit Ca21 transientº (Hua et al., son, the Ca21 transients associated with activation of
T-type Ca21 currents were generally small (Munsch et1994). The calculated unit Ca21 transient increased
sharply with pulse duration exceeding 460 ms, indicat- al., 1997), and evidence for Ca21-induced Ca21 release
could not be obtained (n 5 3).ing that transmembrane high-voltage-activated currents
were not the sole source of Ca21 ions (Figure 5d [closed In a next experimental step, action potentials were
elicited in an dLGN slice preparation in situ. The mem-circles]). Following application of ryanodine (50 mM),
Ca21 transients evoked by depolarizing pulses ex- brane was held at slightly depolarized valued from rest
(.260 mV), in order to inactivate T-type Ca21 current±ceeding 460 ms were substantially reduced (Figures
5e±5g [open circles]). This effect could not be explained mediated activity (Huguenard, 1996). Depolarizing cur-
rent steps were injected, and the stimulus strength wasby rundown of high-voltage-activated Ca21 currents, be-
cause rundown was small under the present experimen- set to evoke tonic series of action potentials (Figures
6a and 7a). Under control conditions, a train of actiontal conditions (Figures 5a±5c), and, in addition, the rya-
nodine effect was restricted to longer pulse duration potentials elicited a steeply rising intracellular Ca21 tran-
Figure 6. Ca21 Transients Evoked by Action
Potentials (APs)
(a and b) Responses to depolarizing current
steps (350 pA) of 7.5 s duration under control
conditions (a) and during application of rya-
nodine (50 mM) (b). Arrow indicates 259 mV.
(c) Means 6 SD of Ca21 transient amplitudes
evoked by action potentials as a function of
the number of action potentials for control
conditions (closed circles) and application of
ryanodine (open circles). Significant differ-
ences (p , 0.029, n 5 4) were obtained for
depolarizing steps eliciting more than 25 ac-
tion potentials.
(d and e) Ca21 transients evoked by 176 and
178 action potentials before (d) and during
(e) exposure to ryanodine.
(f and g) Responses to a single train of ten
hyperpolarizing current pulses (2200 pA, 100
ms, 3.3 Hz) under control conditions (f) and
during application of ryanodine (g). Arrow in-
dicates 259 mV.
(h) Means 6 SD of Ca21 transient amplitudes
evoked by low-threshold spikes (LTSs) as a
function of the number of LTSs for control
conditions (closed bars, set to 100%) and ap-
plication of ryanodine (open bars).
(i and j) Ca21 transients evoked by ten trains
repeated at 0.1 Hz before (i) and during (j)
application of ryanodine.
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Figure 7. Functional Consequences of RyR
Block in Thalamocortical Cells
(a and b) Action potentials were evoked by
depolarizing current pulses (300 pA, 500 ms
duration, top) under control conditions (a) and
during treatment with 50 mM ryanodine (b).
Instantaneous frequency plots (bottom) were
constructed from the first 18 action potentials
(APs) of a train by determining the time
elapsed between two consecutive action po-
tentials and plotting the reciprocal value
against the spike number in a sequence of
action potentials. The middle action potential
of a triplet or a single action potential be-
tween two doublets was skipped during anal-
ysis. Scale bar, 20 mV and 100 ms.
(c and d) Dependency of action potential du-
ration on the position in a tonic spike train (c)
or spike burst triggered by an LTS (d). Mean
values of spike width at half-maximal ampli-
tude are shown for control conditions (closed
bars) and superfusion with ryanodine (open
bars). Asterisks indicate statistically signifi-
cant difference. The top shows pairs of super-
imposed action potentials (c) (examples for
the first, fourth, and twentieth spike in a train)
or LTSs (d) (voltage traces were shifted along
the time axis for clarity; the hyperpolarized
base line is at 287 mV; burst-mediated activ-
ity was evoked by a series of repeated hyper-
polarizations) under control conditions (solid
lines) and during application of ryanodine
(dotted lines). Scale bars: 30 mV and 5 ms
(c), 50 ms and 40 mV (d).
sient (Figure 6d), the amplitude of which increased with 7a; n 5 13). Construction of instantaneous frequency
increasing numbers of action potentials (Figure 6c). Ap- plots at three different depolarizing current amplitudes
plication of ryanodine (50 mM) did not considerably revealed a smooth and slight decrease of the action
change the overall number of action potentials in a train potential frequency during a depolarizing current pulse
(Figure 6b). However, the amplitude of Ca21 transients (Figure 7a, closed squares 5 100 pA, closed circles 5
(Figure 6e) corresponding to depolarizing pulses gener- 200 pA, closed triangles 5 300 pA), as has been shown
ating about $25 action potentials was significantly re- previously (McCormick and Pape, 1988; Williams et al.,
duced (Figure 6c; p , 0.029, n 5 4), demonstrating that 1996). When Ca21-induced Ca21 release was blocked by
Ca21 release from ryanodine-sensitive stores contrib- ryanodine (50 mM), the firing pattern shifted from regular
uted to Ca21 signals triggered by trains of action poten- firing of single action potentials toward the generation of
tials. clusters of two to three spikes (Figure 7b). Instantaneous
For comparison, thalamocortical cells were activated frequency plots demonstrated an alteration of low and
by hyperpolarizing current injections in order to evoke high frequencies, representing the appearance of spike
low-threshold Ca21 spikes (LTSs) at the offset of hyper- doublets/triplets with rather constant intervals (7 out of
polarization. After establishing the whole-cell configura- 13 cells; Figure 7b). When the duration of action poten-
tion, LTSs were crowned by one to six fast Na1/K1 tials at half width was analyzed under control conditions,
action potentials. When hyperpolarizations (100±250 ms there was a clear dependency on the position of a spike
duration) were applied rhythmically (ten trains of ten
in the tonic sequence. While the first action potential in
hyperpolarizations every 10 s), no significant differences
a tonic sequence revealed a duration of 2.1 6 0.2 ms,
in LTS generation were observed under control condi-
following spikes were prolonged (second, 2.3 6 0.1 ms;tions (Figure 6f) and during application of ryanodine
fourth, 2.8 6 0.3 ms; tenth, 3.0 6 0.4; twentieth, 3.1 6(Figure 6g). Ca21 transients evoked by ten LTSs declined
0.2 ms; n 5 15; Figure 7C). During block of Ca21-inducedback to baseline within 10 s and were not significantly
Ca21 release by ryanodine, the duration significantly in-different during both recording conditions (Figures 6i
creased for the tenth (p 5 1.5 3 1023) and twentiethand 6j). A quantitative analysis revealed no differences in
(p 5 6.7 3 1024) action potentials in a spike train (first,Ca21 transient amplitudes resulting from 10 (ryanodine 5
2.1 6 0.3 ms; second, 2.6 6 0.2 ms; fourth, 3.2 6 0.5100.6% 6 5.6%, n 5 3) or 160 (ryanodine 5 100.1% 6
ms; tenth, 3.6 6 0.5 ms; twentieth, 3.9 6 0.4 ms; n 58.9 %, n 5 3) LTSs evoked at 2±3 Hz (Figure 6h; control
15; Figure 7C). In addition, single spike afterhyperpolar-set as 100%).
ization significantly (p 5 5.9 3 1024) increased fromA detailed analysis of the firing patterns under con-
247.9 6 16.9 mV to 236.4 6 16.3 mV in all analyzedtrol conditions revealed the typical relay mode pattern
cells (n 5 15). The value of the interdoublet/triplet after-(Jahnsen and Llinas, 1984), characterized by regular fir-
ing of single Na1/K1-mediated action potentials (Figure hyperpolarization (248.8 6 11.3 mV, n 5 7) was not
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significantly different from single spike afterhyperpolar- on the main brain RyR channel (McPherson et al., 1991).
In the present study, ryanodine did not induce a Ca21ization under control conditions (247.9 6 16.9 mV, n 5
13). These data demonstrate that Ca21-induced Ca21 transient or enhance a caffeine-mediated Ca21 transient,
which is consistent with the involvement of the brain-release in thalamocortical cells significantly contributes
to the tonic firing of thalamocortical cells. By contrast, expressed form of RyR2. Although our data indicate that
the expression levels of RyR3 in dLGN is rather low andryanodine was found to not significantly influence the
pattern of LTS-mediated activity in thalamocortical cells. the cellular location of RyR3 channels was not deter-
mined in the present study, an involvement of RyR3LTS parameters (amplitude, duration) were not signifi-
cantly different under control conditions (Figure 7d [solid cannot be excluded. This is because RyR2 and RyR3
are functionally similar (Franzini-Armstrong and Protasi,lines]) and during application of ryanodine (Figure 7d
[dotted lines]). In particular, duration at half width of 1997), and RyR3 is sensitive to stimulatory effects of
cyclic ADP ribose (Sonnleitner et al., 1998). In conclu-the Na1/K1 action potentials triggered by the LTS were
unchanged (control: first, 1.1 6 0.2 ms; second, 2.5 6 sion, it is very likely that RyR2 and probably RyR3 are
involved in Ca21-induced Ca21 release in thalamocortical0.4; fourth, 5.0 6 0.8 ms; ryanodine: first, 1.3 6 0.2 ms;
second, 2.4 6 0.3 ms; fourth, 4.7 6 0.7 ms; n 5 3; Fig- cells.
ure 7D).
Facilitation of Ca21-Induced Ca21 Release
Single high-voltage-activated Ca21 currents evoked byDiscussion
depolarizing pulses below 460 ms duration caused Ca21
transients that were not affected by application of rya-Subtypes of Ryanodine Receptors
nodine, arguing against a contribution of Ca21-inducedin Thalamocortical Cells
Ca21 release at resting [Ca21]i and rather small Ca21The block of caffeine-induced Ca21 transients by block-
transients. Caffeine resulted in a ryanodine-sensitiveers of the endoplasmic reticulum Ca21 pump (thapsi-
prolongation of the Ca21 transients, strongly suggestinggargin and cyclopiazonic acid) and the RyR-specific
the contribution of secondary release of Ca21 from intra-compounds ryanodine and ruthenium red clearly char-
cellular stores. This effect of caffeine is presumablyacterized the caffeine-sensitive release channels as
based on a shift in the Ca21 activation curve of RyRsCa21-induced Ca21 release channels located on intracel-
toward lower concentrations (Sitsapesan and Williams,lular Ca21 stores (Kostyuk and Verkhratsky, 1995). Thap-
1990).sigargin and cyclopiazonic acid did not effect basal
Intracellular presence of cyclic ADP ribose was also[Ca21]i levels, indicating that the resting [Ca21]i level is
associated with a significant and ryanodine-sensitivestrongly controlled by mechanisms other than endoplas-
prolongation of depolarization-induced Ca21 transientsmic Ca21 pumping, such as highly effective cytosolic
in thalamocortical cells, indicating that cyclic ADP ri-Ca21 buffers (Sieg et al., 1998). These pharmacological
bose may serve as a regulator of Ca21-induced Ca21data indicating the existence of Ca21-induced Ca21 re-
release (Hua et al., 1994). The effect of cyclic ADP riboselease channels in thalamocortical cells were further sup-
in thalamocortical cells is consistent with the expressionported by the direct detection of RyR2, RyR3, and dihy-
of CD38, a transmembrane glycoprotein revealing ADPdropyridine receptors on transcript and/or protein level.
ribosyl cyclase activity (Reinherz et al., 1980; HowardOur data demonstrate that RyR2 and to a lower extent
et al., 1993). In addition to the membrane-bound form,also RyR3 is expressed in the dLGN. The presence of
a soluble form of ADP ribosyl cyclase exists that is stimu-RyR1 could not be completely ruled out because of the
lated by cGMP (Graeff et al., 1998). In the rat brain, CD38lack of specific rat sequences to design PCR primers.
has been found in cortical pyramidal cells and severalHowever, it is very unlikely that RyR1 is involved in
types of neurons in the cerebellum (Yamada et al., 1997).Ca21-induced Ca21 release in thalamocortical cells,
Another observation was that Ca21-induced Ca21 re-since RyR1 expression is only high in cerebellum, hippo-
lease in thalamocortical cells occurred under conditionscampus, and olfactory bulb but not significant in the
of elevated levels of intracellular Ca21 and/or electricaldorsal thalamus (Kuwajima et al., 1992; Giannini et al.,
activity. The unit Ca21 transient under control conditions1995). In addition, RyR1 is involved in a process known
only increased with pulse durations exceeding 460 ms.as voltage-induced Ca21 release in skeletal muscle
Furthermore, a ryanodine-sensitive component could(Franzini-Armstrong and Protasi, 1997). During the
only be demonstrated following depolarizing stimulicourse of the present study, however, no indications for
evoking more than about 25 action potentials at fre-voltage-induced Ca21 release were found when thala-
quencies of .20 Hz. These findings suggest that Ca21-mocortical cells were depolarized while Ca21 entry was
induced Ca21 release is coupled to the magnitude ofzero. On the other hand, it is very likely that RyR2 under-
electrical activity in thalamocortical cells. On the otherlies the appearance of Ca21-induced Ca21 release in
hand, low-frequency LTS-mediated activity (maximalthalamocortical cells, since the expression could be
possible frequency of 2±3 Hz under the present re-clearly demonstrated in a cell type±specific manner and
cording conditions) was not able to evoke a ryanodine-RyR2 is well known to be involved in Ca21-induced Ca21
sensitive component.release (McPherson and Campbell, 1993b; Chavis et al.,
1996; Franzini-Armstrong and Protasi, 1997). The brain
form of RyR2 differs from the other RyR isoforms with Functional Implications of Ca21-Induced Ca21
Release in Thalamocortical Neuronsrespect to the action of ryanodine. While low (activation)
and high (block) concentrations of ryanodine have oppo- Thalamocortical cells produce two different patterns of
electrogenic activity during various states of the sleep/site effects on RyRs, ryanodine only acts as a blocker
Ca21 Release Supports Thalamic Relay Mode
489
waking cycle (Steriade et al., 1997). Rhythmic bursts of level associated with activation of T-type Ca21 channels
(see above), the limited number of action potentials re-spikes, triggered by a T-type Ca21 current, prevail during
stages of drowsiness and slow-wave sleep. Periods of cruiting high-voltage-activated Ca21 channels within a
burst combined with the rather low frequency of burstwakefulness are associated with the generation of tonic
series of single Na1/K1-mediated action potentials. The occurrence, or a difference in intracellular Ca21 buffer
mechanisms in different neuronal compartments (Helm-ability to produce tonic series of single action potentials
up to frequencies of 400 Hz is thought to enable the chen et al., 1996). In addition, it has been shown in
ventricular heart cells that T-type Ca21 currents arefaithful thalamocortical transfer of afferent synaptic sig-
nals during wakefulness (ªrelay modeº). A convergent largely ineffective as triggers for Ca21-induced Ca21 re-
lease (Sipido et al., 1998). It should be noted that theline of evidence in the present study indicates that Ca21-
induced Ca21 release mediated via RyRs is involved in effect of ryanodine on action potential broadening could
only be observed after the tenth spike in a train. There-supporting the relay mode: (1) major proteins known
to be involved in Ca21-induced Ca21 release (Franzini- fore, broadening of action potentials in an LTS-mediated
burst could not be expected, since bursts containedArmstrong and Protasi, 1997) are expressed in thalamo-
cortical cells; (2) ryanodine, cyclopiazonic acid, ruthe- only four to five action potentials.
The mechanisms that couple intracellular Ca21 releasenium red, and thapsigargin all abolish caffeine-induced
Ca21 transients, consistent with the pharmacological to the effector systems regulating spike activity in thala-
mocortical cells are not yet known. Ca21-activated K1profile of RyRs (Kostyuk and Verkhratsky, 1995); (3) the
clustering of L-type Ca21 channels at the somatoden- channels known to exist in thalamocortical neurons
(Huguenard and Prince, 1991; Budde et al., 1992) aredritic junction (Budde et al., 1998) can be assumed to
support the functional coupling to intracellular Ca21 potential candidates, because spike width and afterhy-
perpolarization were altered during blockade of ryano-stores (Chavis et al., 1996); (4) prolonged activation of
high-voltage-activated Ca21 currents (but not T-type dine receptors in a way similar to that expected from
blockade of a Ca21-dependent K1 current, known as ICCa21 currents) provides the rise in intracellular Ca21 level
required to induce Ca21-induced Ca21 release; (5) tonic (Perez Velazquez and Carlen, 1996). Even more impor-
tantly, the IC current has been found to be critically in-series of action potentials (but not LTS-mediated activ-
ity) induce Ca21-induced Ca21 release most likely via volved in the generation of tonic series of action poten-
tials in thalamocortical cells (Toth and Crunelli, 1997)activation of high-voltage-activated Ca21 currents; (6)
Ca21-induced Ca21 release is related to the number and and spike broadening in hippocampal neurons (Shao
et al., 1999). Furthermore, it has been described thatfrequency of action potentials in a tonic series; and (7)
blockade of Ca21-induced Ca21 release results in a shift application of metabotropic glutamate receptor ago-
nists causes the appearance of high-threshold oscilla-from regular patterns of single action potentials charac-
terizing the relay mode toward the generation of action tions with bursts of two to five action potentials, proba-
bly due to the reduction of a Ca21-dependent K1potentials in temporal clusters accompanied by a pro-
longation of action potential duration. The conclusion conductance (Hughes et al., 1999, Soc. Neurosci., ab-
stract). The functional coupling of ryanodine receptorsis that regular spike firing and Ca21-induced Ca21 release
are functionally coupled in a positive feedback manner and a Ca21-dependent K1 conductance has been shown
before in arterial smooth muscle cells (Perez et al., 1999).via high-voltage-activated Ca21 currents and RyRs,
thereby supporting the relay mode of thalamocortical For the high-frequency burst firing of intralaminar neu-
rons during brain-activated states, it was also suggestedcells during wakefulness.
It is interesting to note that cells of the intralaminar that absence or insufficient activation of a Ca21-depen-
dent K1 conductance underlies this type of activity (Ste-centrolateral nucleus of the cat have been found to dis-
charge rhythmic high-frequency spike bursts in the 40 riade et al., 1993).
Another observation of possible functional signifi-Hz range during waking and REM sleep (Steriade et al.,
1993). Activity of intralaminar neurons that are part of cance was that Ca21-induced Ca21 release was facili-
tated by cyclic ADP ribose. The production of cyclicthe unspecific thalamic system has been linked to high
levels of brain alertness. Furthermore, the appearance ADP ribose is catalyzed by ADP ribosyl cyclase, which
in turn is stimulated by cyclic GMP (Graeff et al., 1998).of 40 Hz oscillations was suggested to be a sign of visual
attention and the coordination of activity patterns in One pathway accounting for increases in intracellular
cyclic GMP levels in the central nervous system involvesspatially separate regions of the brain (Gray and Singer,
1989). In addition, 40 Hz oscillations in thalamocortical activation of the soluble form of guanylyl cyclase
through nitric oxide (Koesling et al., 1995). Of particularcells may facilitate the resonance within thalamocortical
loops and sustain a rhythmic drive in the network (Pe- interest here are recent observations indicating that ni-
tric oxide is released in the thalamus during arousal,droarena and Llinas, 1997). The appearance of action
potential doublets in the 40 Hz range after modulatory most probably from ascending cholinergic brainstem
fibers (Williams et al., 1997). The release of NO exerts ainhibition of ryanodine receptors could provide stronger
drive and synchronization for this attention-related ac- modulatory effect on thalamocortical neurons mediated
via activation of the cyclic GMP system, thereby inter-tivity pattern but would result in ambiguous signals for
sensory information processing. rupting oscillatory burst activity (Pape and Mager, 1992;
but see Cudeiro and Rivadulla, 1999). In addition, sen-The lack of involvement of Ca21-induced Ca21 release
in the LTS-mediated mode of activity may be related to sory responses, as well as responses to excitatory
amino acids, are facilitated upon NO-induced increasesthe localization of the mediating T-type Ca21 channels
predominantly in dendritic regions (Destexhe et al., in cyclic GMP levels (Shaw and Salt, 1997). The function-
ally important result is an interruption of oscillatory burst1998), the relatively small increases in intracellular Ca21
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(Boehringer) and subjected to subcellular fractionation. Pellet frac-activity and a facilitation of sensory responses, leading
tions were used for Western blot analysis. Blots were incubatedto an enhanced relay mode of activity in thalamocortical
with mouse monoclonal anti-ryanodine receptor antibodies (MA3-cells conducive of wakefulness. The increase in cyclic
925; Affinity Bioreagents; 1:500) followed by an appropriate second-
GMP can be assumed to also result in an increased ary antibody coupled to alkaline phosphatase or horseradish peroxi-
production of cyclic ADP ribose, thereby facilitating the dase. The immunoreactivity was visualized with NBT/BCIP or an
ECL detection kit (Amersham).release of Ca21 from intracellular stores, which would
RyR3 Detectionfurther support the relay mode of activity. While addi-
Since expression levels of RyR3 are too low for direct detection ontional experiments are needed to understand the exact
Western blots, an immunoprecipitation assay was used to identify
pathways of interaction, it seems feasible to hypothesize RyR3 (Murayama and Ogawa, 1996). Tissues were homogenized
that the cyclic ADP ribose pathway via cyclic GMP may according to McPherson and Campbell (1993a). Three milligrams of
couple regulatory influences, for instance those of trans- protein homogenate was prepared for subsequent immunoprecipi-
tation using a protein A-sepharose±coupled polyclonal rabbit anti-mitter systems, to the intracellular Ca21 release machin-
RyR3 antibody (Giannini et al., 1995). After separation from proteinery in thalamocortical neurons.
A-sepharose, eluted proteins were subjected to Western blot analy-
sis. Thereafter, the primary RyR3 antibody (1:1000) was incubated,Experimental Procedures
and protein detection was performed as using the NBT/BCIP
system.
Preparation and Combined Fluorimetric Ca21 and Patch
DHP Receptor Detection
Clamp Measurements
dLGN tissue was homogenized in a buffer containing CHAPS and
Long Evans rats (postnatal days 10±25) were deeply anesthetized
a cocktail of protease inhibitors. Proteins were separated, trans-
with halothane and decapitated. Slices containing the dLGN were
ferred to nitrocellulose, and probed with a monoclonal mouse anti-
cut on a vibratome and either transferred to a holding chamber
DHP-R antibody (MA3±920; Affinity Bioreagents; 1:2000).
containing standard artificial cerebrospinal fluid (ACSF) and kept
Immunocytochemistry
for recordings in the slice preparation or subjected to an enzymatic
Immunocytochemical stainings were performed using procedures
treatment in order to achieve acutely isolated cells (Budde and modified from those described previously (Budde and White, 1998).
White, 1998). Acutely isolated neurons were fixed, incubated with the primary
Isolated thalamic cells and slices were placed under an inverted antiserum against rabbit brain RyR (06±416; Upstate Biotechnology;
(Axiovert 135, Zeiss; Fluar, 403, 1.30 oil, Zeiss) or upright micro- 1:500), followed by the secondary antibody, and visualized using a
scope (Axioskop FS, Zeiss; LUMPLFL, 403, 0.8 water, Olympus), avidin±biotin±horseradish peroxidase system (Vector Labs). Occlu-
respectively. Whole-cell recordings were performed at 218C±238C sion of the primary antibody from the staining procedure revealed
using borosilicate glass pipettes connected to an EPC-7 (List; iso- no positive immunological signal.
lated cells) or EPC-9 (HEKA; slice recordings) amplifier. Typical elec-
trode resistance was 2±5 MV, with access resistance in the range RNA Isolation, Reverse Transcription, and PCR Amplification
of 3±15 MV. Series resistance compensation .40% was routinely Poly(A)1 mRNA was directly isolated from the relevant tissues using
used. The extracellular recording solutions were (in mM): NaCl, 112; polystyrene latex particles covalently linked to dT30 oligonucleotides
CsCl, 4; KCl, 1; HEPES, 10; dextrose, 10, MgCl2, 1; CaCl2, 3; TTX, (Oligotex, Qiagen GmbH). cDNA was prepared in a buffer containing
0.001; TEA-Cl, 20; 4-AP, 6 (pH 7.35 with NaOH) (isolated cells); and 200 U SuperScript II (Gibco BRL) and a specific 39 primer. Amplifica-
NaCl, 130; KCl, 2.5; NaH2PO4, 1.25; NaHCO3, 21; MgSO4, 2; CaCl2, tion of cDNAs by PCR was achieved by use of specific primer pairs
3; dextrose, 20 (pH adjusted to 7.35 by bubbling with a mixture of and 2.5 U of cloned Pfu DNA polymerase (Stratagene Cloning Sys-
95% O2 and 5% CO2) (slice recordings). The internal pipette solutions tems). The amplification protocol comprised 30 cycles of 2 min at
were (in mM): Cs-gluconate, 100; Cs3-citrate, 10; NaCl, 10; KCl, 1; 948C, 2 min at 508C, and 2 min (plus 20 s increment for each consecu-
MgCl2, 0.25; HEPES, 10; TEA-Cl, 10; Mg-ATP, 3; Na2-GTP, 0.5 (pH tive cycle) at 758C. Amplified DNA fragments were subjected to
7.25 with CsOH) (isolated cells); and K-gluconate, 105; K3-citrate, agarose gel electrophoresis and visualized with ethidium bromide.
20; NaCl, 10; MgCl2, 0.5; HEPES, 10; EGTA, 0.25; Mg-ATP, 3; Na2- For determining the expression of RyR2 and ADP ribosyl cyclase
GTP, 0.5 (pH 7.25 with KOH) (slice recordings). In some experiments, mRNA, a nested primer approach was used. During reverse tran-
5 mM EGTA was included in the pipette solution. Caffeine (Sigma), scription, a specific reverse primer was used: RyR2, 59-GCA TCG
ruthenium red (Alomone Labs), and cyclic ADP ribose (RBI) were CTG AAA TCC AGT GCA GCC-39, corresponding to nucleotides
water soluble. Ryanodine (RBI) was soluble in methanol, while thap- 1051±1074 of the rat RyR2 sequence (Cavallaro et al., 1997); ADP
sigargin (Alomone Labs) and CPA (Alomone Labs) were dissolved ribosyl cyclase, 59-GCT CAG GAT TCT TCA CAC ACT G-39, corre-
in DMSO. sponding to nucleotides 875±896 of the rat ADP ribosyl cyclase
Fluorimetric Ca21 measurements were performed with Fura-2 sequence (Koguma et al., 1994). During PCR, inner sets of specific
(pentapotassium salt; Molecular Probes) added to the pipette solu- primers were used: RyR2, 59-GCC CCC ACA GAA TCA TTG CG-39
tion at a concentration of 75±150 mM. In experiments where high (forward) and 59-CCA TGC CCA GTA ACT CGC TG-39 (reverse),
Ca21 loads were expected (Figures 5, 6, and 7) cells were loaded corresponding to nucleotides 678±697 and 1027±1046 of the rat
with the low-affinity Ca21 indicator bis-Fura (hexapotassium salt, RyR2 sequence (Cavallaro et al., 1997); ADR-CR, 59-GCA GAT GAT
200 mM; Molecular Probes), since it has been shown that low-affinity CTC AGG TGG TG-39 (forward) and 59-TCG GTA GTT ATC CTG
Ca21 indicators more accurately report time course and amplitudes GCA GGC-39 (reverse), corresponding to nucleotides 479±498 and
of Ca21 transients under these conditions (Regehr and Atluri, 1995). 839±859 of the rat ADR-ribosyl cyclase from islets of Langerhans
Cells were illuminated with a monochromator, and images were (Koguma et al., 1994). To verify the specificity of the amplified PCR
captured at 4±6 Hz with 12 bit resolution on a slow scan CCD products, a restriction analysis assay was performed using DNA
camera (Theta System Elektronik GmbH or Princeton Instruments). restriction enzymes BclI and HinfI, yielding the expected fragments
Consecutive paired exposures to 350 and 380 nm were used to (data not shown).
achieve digital fluorescence images. The 350/380 nm ratio was cal-
culated offline. Acknowledgments
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